Tests were made on pea epicotyls or oat coleoptiles with o-chloro-, p-chloro-, 2,4-dichloro-, and 2,4,5-trichlorophenoxymethylphosphonous acids. The first compound behaved like a weak auxin, the third like an inactive substance or antiauxin (depending on the test), and the remainder like anti-auxins. The compounds usually showed some toxicity, which was far less than that of the corresponding carboxylic acids.
I. INTRODUCTION
For the development of new poisons and auxins a standard procedure is to modify slightly the structure of a compound known to have suitable or nearly suitable properties. Thus 2,4-dichlorophenoxyacetic acid (2,4-D) has many suitable physiological properties, but is not always readily translocated in deep-rooted perennial weeds.
Partly in an effort to obtain a systemic poison, some phosphonic acid analogues of 2,4-D were tested. It was known that radiophosphate is well translocated, and it was hoped that a phosphonic compound, with some chemical analogies to phosphate, might be similarly well translocated. It was found (Greenham 1953 and unpublished data) that the phosphonic analogues tested, though possessing some toxicity, were not toxic enough for use as herbicides; it was, however, interesting to find that certain aryloxyphosphonic compounds possessed some auxin activity. This paper reports tests of some chlorinated aryloxymethylphosphonous acids, and tests of some additional phosphonic acid derivatives. According to Kosolapoff (1950, p. 144) phosphonous acids are monobasic and are formulated as RP(O)H(OH); therefore they should be closer than phosphonic acids (RPO(OH)2) in spatial structure to carboxylic acids, characterized in this paper by 2,4-D and some related carboxylic acids.
II. METHODS
For the pea epicotyl test, a modification of that of Galston and Hand (1949) was used. A pure line of Alaska peas was surface-sterilized with bleaching powder (10 gin 150 ml of water) for! hr, washed, and soaked in water for 4 hr. The seed was then planted in damp vermiculite and incubated for 6-7 days at 25°C in the dark. Sections 6·6 mm long were cut at 8 mm distance from the top of the bend, all manipulations being done in dull red light. The sections were washed in distilled water before being incubated on a shaker in the dark at 25°C. Usually seven sections were used per dish containing 2 ml of solution, and there were two dishes per treatment.
For the coleoptile test, unhusked oat seed (var. Victory) was soaked for 2 hr in tap water, spread over damp vermiculite, just covered with more damp vermiculite, and germinated under dull red light for 3 days at 25°C. The dish was covered with a sheet of glass for the first 2 days. Sections 5·5 mm long were cut 2 mm from the tip, and were treated the same way as the epicotyl sections.
The phosphonous acids were initially dissolved in a little cold N N aHC0 3 solution (warm N NaOH may cause decomposition). The concentrations of the various compounds or auxins listed in Table 1 are in most instances equimolar with 2,4-D at 4·5 X 10-5 M (10 p.p.m.) or a multiple of that value. The solutions were buffered with M/100 potassium hydrogen phthalate or succinate (A.R. grade), and adjusted in pH with NaOH or HCI. For anyone experiment all solutions were adjusted in pH to within 0·02 unit. Glass-distilled water was used throughout. Sucrose (2 per cent.) was included only in the first-done experiments (1 and 6), its main effect being to increase or to render uniform the elongations caused by strong auxins. For prolonged experiments the solutions were changed at least once daily, after the sections had been twice rinsed with the appropriate solution. Growth of microorganisms was never noticeable. Change in pH was less than +0·1 unit in 24 hr.
The method of measuring toxicity is a modification of one used previously (Greenham and Cole 1950) . Mter the sections were measured for length, they were blotted dry, inserted in a jig, then impaled on two needle tips 3 mm apart (the primary leaves were removed from the oat coleoptile sections beforehand). Electrical resistance between the two needle tips was determined at 1 kc/s (R LF ) and at 1 Mc/s (R HF ); for the latter determination a Wayne-Kerr type B601 bridge followed by a selective amplifier and oscillograph, was used.
III. COMMENTS ON METHOD OF MEASURING TOXICITY AND ON LENGTH CHANGES
In this paper the ratio RLF/RHF is taken as the criterion of injury,* rather than the magnitude of RLF (Greenham and Muller 1956 ). The ratio is taken because in many of the treatments length changes occur, affecting the number of cells between the fixed probe tips and therefore the measured value of RLF (RLF depends on the number of cell junctions between the needle tips and the extent to which the cells are injured). By using the above ratio, errors caused by variations in length are eliminated.
For sections in the control solutions, the length becomes constant within 24 hr. The RLF/RHF ratio increases slowly with time due to "salt" absorption (pro-vided there is no injury, e.g. from low pH), then decreases, particularly if sucrose and other metabolites are absent (Fig. 1) .
For treated sections, cell elongations are complete within 24 hr; however, there may be subsequent shrinkage if there is loss of turgor (from extreme injury or death). The RLFIRHF ratios will behave quite differently from the control ratios if injury occurs. With toxic substances such as 2,4-D at 4·5 X 1O-5M or higher concentrations, the ratio initially increases more rapidly than the control ratio, then decreases and ultimately approaches the value 1 when the cells are dead.* The initial increase in the ratio over the control value is due to a temporary increase in RLF (primary injury response-cf. Osterhout 1922, p. 46) ; the subsequent decrease in the ratio is due to a decrease in RLF (secondary injury response) and to an increase in RHF (leaching resulting from injury). With 2,4-D at 4·5 X 1O-3M the ratio is usually 2 or less for pea epicotyls after 24 hr. In most of the present experiments 2,4-D at 4·5 X 1O-5M has been included as a reference standard; this concentration is supra-optimal for cell elongations but usually suitable for causing injury. Not only section elongations but also the RLFIRHF ratios vary from experiment to experiment. Accordingly, when assessing toxicity in terms of this ratio, a comparison should be made with the value for control sections and with the value for sections treated with a standard concentration of a reference poison. With poisons weaker than 2,4-D, the rise and fall in the RLFIRHF ratio will be slower.
* Luyet (1932) showed that at death RLF and RHF were approximately equal. Hence the magnitude of R LF in relation to the magnitude of R H F gives a convenient measure of injury. Moreover, within the one population of sections, variations in RLF are somewhat compensated for by appropriate variations in R H F" The ratio R LFIR H F gives a reasonable criterion of injury, except possibly when sections have undergone maximal elongation due to treatment with a powerful auxin. Such maximal elongations are not encountered in the present paper. The ratio RLFIRHF has also given a suitable criterion for the assessment of frost injUry (Greenham and Daday, unpublished data) .
In the interpretation of the RLFIRHF ratios, an increase over the value for the control, e.g. point A or A' (Fig. 1 ) is generally to be regarded as an early toxic response (see below for an exception). If the value at any time is identical with that of the control, e.g. point B, there mayor may not have been a temporary increase beforehand. However, if after a suitable period similar values for RLFIRHF are obtained for the control sections and for the sections treated at two widely differing concentrations of a poison, it may be assumed that the poison at least at the lower concentration has caused no injury (toxic response is mainly proportional to concentration if time is constant).
If the values at any time are less than the control value, i.e. below point B (Fig. 1) , injury has occurred.
In experiment 9, 2,4-dichlorophenoxymethylphosphonous acid at the highest concentration illustrates the exception referred to above, and gives the only such exception encountered in the investigation. Here the increase in RLFIRHF ratio is due to a decrease in R HF , attributable to increased electrolytic concentration' within the tissues; even the electrolytic conductance of the relevant solution was 2·05 times that of the control solution, due to the presence of the phosphonous acid. Increased electrolyte concentration within the tissue is regarded as evidence of "salt" uptake, so that in this case there is essentially no injury.
IV. RESULTS
From experiment 1, Table 1 , it is seen that in a period of 24 hr the o-chlorophenoxymethylphosphonous acid was not toxic at 4·5 X 1O-4 ]\'[ and not obviously toxic at 4·5 X 1O-3 ]\,[, whereas o-chlorophenoxyacetic acid was slightly toxic at 4·5 X 1O-4 ]\'[ (secondary injury response) and 2,4-D was slightly toxic at 4·5 X 1O-5]\'[ (primary injury response). In view of these results, some of the subsequent experiments for the determination of the toxicity of the phosphonous acids were done over longer time intervals.
With p-chlorophenoxymethylphosphonous acid (expt. 2, Table 1 ) there was slight toxicity at all concentrations within 94hr, whereas2,4-D at4·5 X 1O-5 ]\'[resultedin injury nearly to the point of death. From experiment 3 it is seen that the 2,4-dichloroph osphonous compound was somewhat toxic to pea epicotyls at 4·5 X 1O-3]\'[ but no more toxic than 2,4-D at 4·5 X 1O-5 ]\'[. The 2,4,5-trichloro-phosphonous acid was not obviously toxic within 21 hr (expt. 4), but was somewhat toxic at 4·5 X 1O-3 ]\,[ in 69 hr (expt. 5); 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) at 4·5 X 1O-5 ]\,[ a:d 2,4-D at the same molarity were considerably more toxic, and the former of these was more toxic than the latter. Usually 2,4-D is regarded as being more toxic than 2,4,5-T to herbaceous tissues, but the generalization does not hold in this test.
Experiment 6 shows that ethyl hydrogen m-chlorophenoxymethylphosphonate had no obvious toxic action (or even auxin action) at pH 5·0. The general high trend of the RLFIRHF ratios in this experiment is attributed to the use of a different batch of vermiculite which had been equilibrated with culture solution. Due to variability of the readings, the RLFIRHF ratio for the sections treated with 2,4-D at 4·5 X 1O-5]\'[ is just not significantly greater than that for the control sections. 
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(mm) 7·37 5·5 7·39 5·3 7·45 5·5 7'95*** 5·3 8'25***t 5'1* 8'41*** 6'0* 7·86 5·76 7'58*** 7'53** 7'42*** 6'98* 7'37*** 5·81 6'26*** 1'03*** 9'23*** 1'40*** 7·24  6·8  7·26  6·2  7·18  6·8  7·21 4'6* 7'65*** l'3***t 8'06*** 3'7** 7·65 7·7 7'43* 7·8 7·46 7·7 7'30** 7·8 9'91*** 9·6 7'87 § 6·3 7·64 5·9 7·64 5·3 7'42*** 3'4***t 8'36*** l'3***t 8'45*** 2'7***t 7·57 8·5 7·55 9·4 7·54 9·4 7·34 9·3 8'70*** 8·1 9'93*** 11·3 " Experiment 2 also shows that the diethyl ester of 2,4-dichlorophenoxymethylphosphonic acid* is highly toxic, whereas the ~thyl half-ester showed conparatively little toxicity (Greenham 1953, and unpublished data) . In fact, experiment 2 probably does not do justice to the toxicity of the di-ester, because the sections appeared dead within 24 hr (dead epicotyl sections appear characteristically dull white). The apparent shrinkage of the sections is attributed to rapid death followed by loss of turgor (Stiles 1930) . Esterification of 2,4-D, however, did not significantly affect its toxicity at pH 5 (Table 2) , although the esterification did depress elongation at the higher concentration. In this experiment the epicotyl sections were more resistant than usual to 2,4-D at 4·5 X 10-5M, due probably to the use of a different batch of seed.
The point is now made that growth inhibition may be caused either by toxic action or by anti-auxin action. Therefore, as none of the phosphonous compounds tested were particularly toxic, it is concluded that those compounds which were responsible for reduced section elongation in comparison with the controls behaved like anti-auxins (competition with endogenous auxin).
Accordingly, as regards "auxin" activity of the phosphonous compounds, the p-chloro-and the 2,4,5-trichloro-compounds acted like anti-auxins, the 2,4-dichloro-compound was inactive to pea epicotyls, and the o-chloro-compound acted like a weak auxin (expts. 1-5). "Auxin" activity within these compounds is in no way comparable with that in the corresponding carboxylic acids.
It was thought that lack of activity on the part of the 2, 4-dichloro-phosphonous compound might possibly be due to testing under unfavourable conditions; accordingly a test was done under more acid conditions and in the presence of succinate buffer. However, no response was obtained with the pea epicotyls (Table 3, expt. 8), whereas the oat coleoptiles responded as to an anti-auxin (expt. 9). It is not unusual for a substance to act differently with different test species. The low RLFIRHF ratios obtained throughout experiment 8 suggest general toxicity as a result of low pH " 4·5 x 10-3 7·26*** 2,4-Dichlorophenoxyacetic acid 4·5 X 10-5 8·50***
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Oat coleoptile 22 Control 6·99 test 2,4-Dichlorophenoxymethylphosphonous acid 4·1 x 10-3 6·83* 2,4-Dichlorophenoxymethylphosphonous acid 4·1 X 10-3 } + 2,4-Dichlorophenoxy-7·28***t acetic acid 1·13 x 10-5 2,4-Dichlorophenoxyaceticacid 1·13 X 1O-517.79***t * Significantly different from control value at P<0·05. ** Significantly different from control value at P<O·Ol. *** Significantly different from control value at P<O·OOl. t This value significantly different from preceding one at P<O·OOl.
(similar evidence of toxicity is obtained with phthalate at pH 4). It is not feasible to compare the RLFIRHFratios in experiments 8 and 9, as different tissues are involved. It has already been noted that the increase in the RLFIRHF ratio for the 2,4-dichlorophosphonous acid at the highest concentration in experiment 9 is not attributable to injury. The classical method of studying anti-auxin behaviour is based on the inhibition of growth caused in the presence of a known auxin (McRae and Bonner 1953) . The quantities of phosphonous acids available permitted only the additional experiment 10. In this experiment, (a-b»(c-d) at P<O'OOl, where a is the length of the sections treated with 2,4.D, b is the length of the control sections, c is the length of sections treated with 2,4.Dplus the phosphonous acid, and d is the length of the sections treated with the phosphonous acid. This significant difference, while not being conclusive proof, supports the supposition that the 2,4. dichloro· phosphonous acid is an anti·auxin.
V. DISOUSSION AND CONOLUSIONS
It is seen that replacement of the carboxyl radical with the phosphonous radical changes substances with generally high toxic and auxin activity into sub· stances with low activity (frequently substances with low auxin activity behave as anti· auxins, vide Leopold 1955, p. 168) . It was previously shown that replacement of the carboxyl radical with the phosphonic radical (Greenham 1953; Veldstra et ai. 1954) or the sulphate or sulphonic radicals (Veldstra et al. 1954) resulted in lessened activity. The present results with the half·ester of m.chlorophenoxymethylphosphonic acid also supports this claim.
Since the above measurements were done, dissociation constants (determined by spectral titration) have become available for some of the compounds tested above. They are 2,4.D 2'8, p.chlorophenoxymethylphosphonous acid 0'8, 2,4. dichloro· analogue 0·8, 2,4,5·trichloro. analogue 0'7, and ethyl hydrogen 2,4.dichlorophenoxymethylphosphonate 0·7. The half· ester of m.chlorophenoxy. methylphosphonic acid probably has a similar value.
The pK values are identical for the p.chloro. and the 2,4.dichloro. phosphonous compounds, so that within the series of phosphonous compounds tested, physiological activity is not correlated with pK value. Within the series, positioning of the chlorine atom on the benzene ring affects physiological activity.
The low dissociation constants for the phosphonous and phosphonic acids tested means that they are almost completely dissociated at physiological pH, as was claimed by Veldstra et al. for the sulphonic analogues mentioned above. This raises the question as to whether the reduced activity of the phosphonous and phosphonic acids, in comparison with allied carboxylic acids, depends on their greater dissociation or on a lower biochemical reactivity of their acid radicals. An allied problem is whether 2,4.D acts in the ionic or molecular state.
Certainly Veldstra and Booij (1949) and Veldstra et al. (1954) consider that 2,4.D acts in the ionic state, as do Brian and Rideal (1952) for 2.methyl.4.chloro. phenoxyacetic acid. However, it is felt that such claims sometimes overlook the in. creased activity of 2,4.D caused by lowering the pH of the external medium, although Brian and Rideal rightly point out that external pH may influence the behaviour of plasma membranes and of protoplasmic constituents. Nevertheless, the results of this paper show that suppression of the ionization of the dichloro· phosphonate compound by full esterification greatly increased its toxicity.
Nevertheless, degree of dissociation is not the only factor influencing toxicity. Another important factor influencing biological activity is the hydrophilic/lipophilic (H/L) ratio (Veldstra 1949) . Veldstra and Booij (1949) claim that 2,4.D has a suitable HjL ratio for auxin activity, and possibly for that reason the auxin activity of 2,4-D is not increased by esterification. Since structural modification by esterification eliminates ionization but simultaneously alters the HjL ratio, it is possible that maximum biological activity depends on a compromise between pK value and HjL ratio.
The questions raised in the preceding paragraphs cannot be solved within the scope of the present paper, and will be investigated subsequently.
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